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FINITE DEFLECTIONS OF RATE INSENSITIVE PLATES 
AND BEAMS SUBJECTED TO A DYNAMIC IMPULSE 

by 

Roger Elliott Van Duzer 

Submitted in partial fulfillment of the requirements of 
the requirements for the degree of Master of Science in 
Naval Architecture and Marine Engineering and the profes- 
sional degree Naval Engineer. 

ABSTRACT 

Presented herein are the results from a series of 
experiments to determine the permanent deformations of 
straight beams and rectangular plates with two edges 
clamped loaded by a uniform dynamic impulse. The specimens 
were made of 6061-T6 aluminum which is considered represen- 
tative of rate-insensitive, non-strain-hardening metals. 

The impulse was provided by a sheet explosive. It was 
shown that the plate response may be described by an 
existing beam theory for rigid-plastic behavior which 
includes finite-deflections. 

Thesis Supervisor: Norman Jones 

Title: Assistant Professor of Naval Architecture 

and Marine Engineering 
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The dynamic behavior of structures is of increasing 
concern to the engineer. Few designers intend to have 
structures experience such extremes as pressure due to 
explosions or significant impact as with colliding vehicles, 
but obviously there are many design situations in which 
dynamic loading must be considered. Alternatively many 
loads are of such high pressure to duration ratio that they 
may be viewed as dynamic impulses. 

The study of plasticity is comparatively recent. Most 
engineers now employ the elastic-plastic and rigid-plastic 
analysis with associated limit theorems which stem from the 
early 1950's. Initial work on dynamic plasticity was con- 
cerned with cantilever beams subjected to impacting masses. 
Parkes (1) in 1955 did a series of tests on mild steel beams 
for which he found deformations considerably less than those 
predicted by rigid plastic analysis. He decided that strain 
rate sensitivity accounted for most of this discrepancy. 
Seiler, Cotter, and Symonds (2) in 1956 postulated that a 
high ratio of initial kinetic energy to an upper bound of 
elastic strain energy was required for good results with 
rigid-plastic theory. In 1962, Bodner and Symonds (3) 
reinvestigated the earlier work of Parkes on cantilever 
beams and decided that strain-rate sensitivity was important 
Ting (4) later substantiated this theory and observed that 
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geometry changes could be important for large deformations. 

In 1958, Symonds and Mentel (5) examined the impulsive 
loading of strain beams with axial constraints and utilized 
rigid-plastic theory to show that the permanent deformations 
would be less than those predicted by a simple bending solu- 
tion. Humphrey's (6) test on steel beams supported this 
view. The results of these tests indicated that simple 
theory was valid for deformations less than the beam 
thickness. Bodner (7) discussed a stress, strain-rate 
sensitivity relation postulated by Cowper and Symonds (8) 
and noted that those materials with sharply defined yield 
points were generally rate sensitive. Perrone (9) proposed 
a simple method and tried to justify use of a dynamic yield 
stress with rigid-plastic solutions. Florence and Firth 
(10) did experiments on pinned-end beams and improved the 
rigid-plastic theory by including strain-rate effects. 

Jones (11) presented a method in 1967 to estimate the 
combined influence of strain-hardening and strain-rate 
sensitivity on rigid-plastic beams loaded dynamically. He 
suggested that both effects could be ignored for physically 
large beams which have a high length to thickness ratio. 

In 1968, Jones (12) proposed a solution for the permanent 
deformation of annular plates with emphasis on finite — 
deflections. In 1969, he complied results of beam tests 
and determined that finite-deflections were dominate and 
that strain-rate sensitivity could be disregarded in a 



rigid-plastic solution for mild steel beams (13) . 

When permanent deformations are considered, simple 
bending moment theories are not always adequate. The 
material certainly has increased capacity to dissipate 
energy more efficiently through membrane forces, i.e. finite 
deflections. The relative importance of strain-rate sensi- 
tivity and strain-hardening is not clearly understood. 

There is a shortage of experimental data with which the 
theory may be compared. The author presents the results 
of tests on a series of 6061-T6 aluminum rectangular plates 
with two edges clamped to further research in this field. 

It is believed that plates are a logical extension of the 
study of beams. It is of interest to determine whether or 
not existing beam theory for permanent deformations may be 
extended to plates. 
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EXPERIMENTAL procedure 

An extensive series of tests were conducted on various 
aluminum plates and beams of rectangular cross-sections 
with two ends clamped and two edges free utilizing the 
apparatus shown in Figures 1 and 2. Typical specimen 
shapes and dimensions are shown in Figure 3. 

6061-T6 aluminum was chosen as a representative com- 
mercial aluminum commonly utilized and for which various 
strain-rate parameters had been previously determined (8, 9). 
Mechanical and physical properties in Table 1 were deter- 
mined by testing samples from the sheets from which the 
test specimens were machined. The nominal thickness of the 
specimens chosen for testing after a mild surface polish 
were .089 in., .122 in., .189 in., and 0.246 in. Thickness 
and width readings were taken at numerous geometrically 
spaced points on the sample and then averaged. Variations 
in thickness of any plate were less than + .00025 inches 
while variations in width were less than + .0015 inches. 

All test specimens were 5.046 inches in length between 
the clamped edges. Most specimens were machined to approx- 
imately 3 inches in width. In an effort to discern a 
transition from beam to plate phenomena, a series of samples 
1 in., 2 in., and 5 in. in width were tested for the 
thickest plate used. All test specimens were machined so 
that the free edges were away from regions of the received 
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material which showed edge effects due to the manufactures 
processing techniques. Figures 7a through 7e (17) notes 
the location of each specimen within the original sheets 
received. The surfaces of the specimens were polished 
with fine silicon carbide paper to remove minor marks. 

The head in which the specimens were clamped was 
welded to a backing plate to insure no axial motion of 
the heads. Excessive slippage of the clamped portion of 
the specimens was observed in an early test. There was 
visible necking of material between the bolts. This was 
reduced to an acceptable level by putting serrations in 
the heads and utilizing high strength bolts. Further 
improvements are suggested in Appendix A. 

Detasheet D, a flexible sheet explosive composed of 
PETN and an elastromeric binder was used to provide the 
dynamic impulse. The explosive was received in sheets of 
0.01 and 0.015 inches in thickness. The thicknesses were 
laminated and in certain tests perforated to achieve a 
range of impulsive loading. Supersonic detonation 
velocity is required and midspan detonation is recommended 
to approximate uniform initial velocity distribution along 
a beam. The higher the ratio of detonation velocity to 
the bending wave speed of the specimens the better the 
approximations to a uniformly distributed impulse (14) . 

The bending wave speed for 6061-T6 is about 18,580 fps 
while the detonation velocity of the explosive is listed 
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by the manufacture as 23,000 f ps . 

The explosive was cut to the same dimensions as the 
aluminum specimens between the clamps. It was then 
mounted on a piece of protective material to prevent 
spalling of the aluminum and pitting of the plate surface. 
Rubber cement was sufficient as an adhesive. Electric 
detonators commonly known as No. 6 blasting caps ignited 
an explosive leader which was roughly 15 inches in length, 
1/8 inch in width, and 0.015 inch in thickness. This 
leader detonated the test explosive at its midpoint. The 
leader had to be firmly pressed into the sheet explosive 
to insure detonation. Use of the leader allowed the 
detonator to be shielded. 

Originally, 1/8 inch thick neoprene was used adjacent 
to the test specimens as in Humphrey's test (6) to prevent 
spalling. Many of the thin 0.089 and 0.122 inch plates 
sheared at the clamped edges with only 10 or 15 mils of 
explosive for loading. Roughly, the force of the explosion 
varies as the weight of explosive to the 1/3 power but 
inversely to the stand-off distance. To diverse the blast 
impulse and permit a wider range of testing a low density 
packing foam of 1/2 inch thickness was used for a backing 
material. Paper was glued between the specimen and foam 
and between the foam and explosive. This permitted easier 
handling of the explosive and provided added protection 
against spalling. It was observed that the foam and paper ( 
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disintegrated during the blast. When neoprene was used as 
a backing, it was found intact but blown off the plate. 
Thus, there was questions as to how it effected the energy 
balance, in particular, whether or not its mass should be 
included with that of the specimen between the clamps in 
any momentum balance. 

The ballistic pendulum is an ideal device for this 
type of experiment. Such exotic techniques as high speed 
cameras may be preferred if funds are available. The blast 
chamber in which the tests were conducted allowed an 
adequate suspension height. The pendulum was made from 
a steel I beam and supported on spring steel wire of .02 
inch diameter. The wires were angled slightly in an end 
on view to avoid side sway. Before each test, lead ballast 
weights were added to the pendulum and the wire lengths 
were adjusted to balance the pendulum. 

The length of swing of the pendulum was recorded on 

< 

a heat-sensitive paper mounted on an adjustable track. 
Before each test, the track was set to conform with the 
arc of the pendulum for its measured suspension length. 

The paper was marked by a tungsten wire suspended beneath 
the pendulum and traveling with light contact along the 
paper. External batteries provided power through fine 
leads to the tungsten wire. Tests were conducted to 
determine what losses in the energy balance might occur 
due to drag of the pendulum as it swung. These losses 
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were so minimal that they were not considered (15) . 

For each specimen tested, the following data was 
necessary: the thickness of explosive; the weight of the 

plate tested; the height of the pendulum from the floor; 
the weight of the test plate and added ballast; the length 
of swing of the pendulum; the deflections at noted points 
on the specimen. 

Upon completion of the test, the specimens were 
examined for excessive slip at the clamps. Measurements 
of the deflection was made at various points on the specimens 
with a dial gage on a machined flat table. 

A sample calculation of the impulse velocity, V, is 
presented in Appendix B. Basically, the blast loading was 
treated as a rectangular pressure pulse in which the pres- 
sure approaches infinite magnitude and th'e duration of 
loading goes to zero time. This is considered an impulse, 
the product of the mass per unit area and a velocity, V. 

This approach is generally accepted if the peak pressure is 
five to ten times greater than the static collapse pressure. 
The potential energy of the pendulum at its maximum swing 
is balanced against the initial inertial energy of the 
system which may then be used to determine the impulse of 
the mass of the specimen between the clamps. 

Concurrent with the main program of experimentation 
tests involving strain gages were conducted in an attempt 
to find initial strain rates of the specimens. This is 



discussed in detail in Appendix D. 
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CHEMICAL ANALYSIS AND MECHANIC PROPERTIES 
OF 6061-T6 ALUMINUM 



CHEMICAL PROPERTIES 



Sample 


Thickness 


% Si 


% Cu 


% Mg 


% Cr 


11 


.122 in. 


.65 


.20 


. 85 


.26 


11 


.189 in. 


.61 


.21 


. 83 


.21 
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.089 in. 


.57 


.24 


. 89 


.23 


0 


.246 in . 


. 60 


.24 


1.04 


.17 



Average 

Average 

Average 

Average 

Density 



MECHANICAL PROPERTIES 
(Details in Appendix C) 

Yield Stress = 41,212 psi 

Elastic Modulus E = 10.49 x 10^ psi 

Ultimate Stress a = 45,660 psi 

ULi X 

4 

Modulus of Plastic Region E 2 = 9.78 10 



psi 



098799 lb. /in 



